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ABSTRACT
The study area extends from Phantom Creek to Crystal i
Creek, a distance of approximately 10 miles alonr; the Co
River. The units exposed are the Precambrian Vishnu S ,
granitic to granodioritic units in Phantom Canyon, Trin-.
Canyon, and near Crystal Creek, and pegmatites and aplites.
The Vishnu Schist is composed mostly of quartzo-feldspathic
schists. The assemblage quartz-oligoclase-muscovite-biot e- 
sillimanite-K-feldspar indicates metamorphic conditions in --le
upper amphibolite facies between Phantom Creek and Mile 95*
Between Mile 95 and Crystal Creek, assemblages indicate low^r
amphibolite to greenschist facies conditions.
The Phantom Granitic Complex consists of granodioritic
and quartz monzonitic units. The presence of a contact
breccia, rotated xenoliths, and cross-cutting apophyses
indicate the pluton is intrusive. The rocks cluster around
the 3 kb cotectic in the Ab-Or-Qtz system which suggests a
magmatic origin.
The Trinity Gneiss is a homogeneous granodioritic gneiss.
Intercalated layers of quartzite and schist and calc-silicate
lenses support a meta-sedimentary origin. Chemical data
suggest that the biotite-rich layers are meta-sedimentary
but the granitic layers plot along cotectic troughs and may
represent rhyolitic or rhyodacitic flows.
The Crystal Creek Granite is a post-tectonic, epidote
rich granitic rock. Field evidence suggest the pluton is
intrusive. Quartz and schistose inclusions and the unusual
mineralogical and chemical composition suggest the granite
has been contaminated. Late low grade metamorphism has
resulted in dominantly metamorphic textures.
The Vishnu Schist has been cut by pegmatite and aplite
dikes. Apophyses and cross-cutting relationships indicate the
pegmatite/aplites are intrusive. Chemical data clusters
around the cotectic minimums in the Ab-0r-Qtz-H20 system
suggesting a magmatic source. Large crystals and quartz
cores suggest the pegmatites are of hydrothermal origin.
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INTRODUCTION
The study area extends from Phantom Ranch to Crystal
Creek (from Mile 88 to Mile 99 along the Colorado River
below Lee's Ferry) in the west-central portion of the
Bright Angel Quadrangle, Arizona. Figure 1 shows the
location of the study area.
Older Precambian rocks are exposed along the river
and in the side canyons throughout the study area.
Exposure is nearly 100 percent, although the steepness
of the terrain makes access to some areas difficult if
not impossible.
The major units exposed are the (1) Vishnu Schist,
(2) various syntectonic to post-tectonic granitic bodies,
some possibly related to the Zoroaster Granite, and
(3) late pegmatites and aplites.
The Older Precambrian rocks in this area are uncon- 
formably overlain by the Paleozoic sedimentary sequences
of the Colorado Plateau. A summary of the stratigraphy
and geologic history is given by Maxson (I961).
Previous Research
Only a small amount of detailed work has been done
on the Older Precambian rocks of the study area.
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3The first observations of the rocks of the Inner
Gorge wore recorded by Powell on his explorations of
the Colorado River (Powell, 18?4). Walcott (I894)
named the metamorphic rocks the Vishnu Schist and pro­
posed a Precambrian age for the unit. Noble and Hunter
(1916) conducted the first intensive study of the
metamorphic rocks in the Inner Gorge. They recognized
most of the lithologic units present and did a petro­
graphic study of the most common units.
Campbell and Maxson (1933-1938) investigated the
crystalline rocks of the Upper Granite Gorge and made
structural, petrographic, and chemical interpretations.
They recognized the granitic rocks as a separate for­
mation and named them the Zoroaster Granite. Maxson
(1961) considered the extensive amphibolites within
the Vishnu Schist as a separate unit, the Brahma Schist.
Ragan and Sheridan (1970) refuted the formational
status of the Brahma Schist and stated that it should
be considered as part of the Vishnu Schist. They
based this statement on the complete intermixing of
meta-sedimentary and meta-volcanic units and the
erroneous structural interpretation used to date the
unit.
although regional studies have been conducted since
the late nineteenth century.
Boyce (1972) studied the petrology and structure
of the Bright Angel Creek area and defined seven defor-
mational events. He suggests that the pegmatites are
4intrusive and later modified by hydrothermal activity.
The lithologies recognized by Boyce are quartzo- 
feldspathic schists and gneisses, mafic schists, and
hornblendites.
Lingley (1973) carried out research in the Clear
Creek area about 5 miles to the east of the study area.
He recognized the Zoroaster Granite to actually be a
granitic gneiss, probably of pre- or syn-tectonic,
intrusive origin. Lingley also recognized four stages
of folding, several of which are found in the present
study area.
Pasteels and Silver (1965) dated the "Phantom
Granite" and "Brahma Schist" near Phantom Ranch.
Dates from monazite concentrates gave values of 16951
15 m.y. The Zoroaster granite gneiss is dated at
1725115 ni.y. According to Pasteels and Silver, the
discrepency between the age of the "younger" intru­
sive Zoroaster and the schist is due to a resetting of
the radioactive "clocks" during a later metamorphic
event. A clearly cross-cutting pegmatite dike gave
an age of about I7OO M.Y. Rb-Sr dating gave an age
of 1540 m.y. for muscovite from a cross-cutting peg­
matite (Damon and Giletti, 196I and Giletti and
Damon, I96I).
Purpose of Study
This study was undertaken to provide detailed
data on the field and petrochemical characteristics
of the Older Precambrian granitic rocks of part of the
Upper Granite Gorge.
Methods of Study
Field studies were carried out during April, May
and June of 1972, The investigation was mainly con­
cerned with determining lithologic variation, metamor- 
phic history, and contact relationships between granitic
and surrounding rocks.
Petrographic work was done using traditional flat
stage methods, Mineralogical and textural data were
compiled on 146 specimens, Plagioclase compositions
were determined by the a-normal method (Vance, I965),
and determinative curves provided by Troger (1959),
As a check, plagioclase compositions were also calcu­
lated using bulk rock analyses.
Si, Al, total Fe, Mg, Ga, K, Na, and Ti were
determined by X-ray fluorescence methods. An EEAX-
£XAM Model 704 energy dispersive X-ray fluorescence
spectrophotometer was utilized for the determinations.
Standard curves were established by USGS standards
G-1, u-2, GSP-1, and intermediate mixtures of those
standards. Accuracy of the technique is considered
to be within of the amount present.
Manganese was determined by atomic absorption
spectrophotometry using a Perkin-Elmer Model 306
atomic absorption spectrophotometer. Analyses were
run using the techniques outlined in the Perkin-
Elmer Analytical Methods for Atomic Absorption Spectro­
photometry handbook (1971).
Ferrous iron was determined by the method of Peters
(1968).
Acknowledgements
The writer wishes to thank Dr. R. S. Babcock,
Chairman of the advisory committee, for his suggestions
and aid given during the course of the research. Special
thanks are conveyed for his helpful criticisms of the
manuscript.
Thanks are also extended to Dr. E. H. Brown for
serving on the advisory committee and for his helpful
suggestions. Appreciation is extended to Dr. R. C.
Ellis for serving on the committee and for his critical
reading of the manuscript.
Dr. Babcock and Dr. Brown are thanked for the suggestion
of the thesis topic and for the financial support given
this study from their National Science Foundation
Grant (GA-31232).
Thanks are conveyed to the Museum of Northern Ari­
zona who contributed financial aid to the writer during
his research. Appreciation is extended to the National
Park Service, Grand Canyon, Arizona for the help given
during the field work.
7In the field, Mr, Mitchell Bernard! was an invalu­
able aid and friend and the writer's deepest appreciation
is extended.
METAMORPHISM
Several episodes of metamorphism are indicated by
mineral assemblages and textures in rocks that crop
out between Mile 88 and Mile 99 on the north bank of
the Colorado River. The most common rock type is a
quartz-rich quartzo-feldspathic schist, with sub­
ordinate muscovite-biotite schists, mafic schists, impure
quartzites and calc-silicate pods and lenses. Amphi­
bolite dikes and sills are also present but they are
not abundant.
The study area can be divided into three different
areas as defined by the metamorphic and tectonic features
found in the rock. These are (l) Bright Angel-Phantom
Creek near Mile 88 to 91 Mile Creek, (2) the area between
91 Mile Creek and 94 Mile Creek, and (3) the area from
about Mile 94 to Mile 99.
Bright Angel-Phantom Creek
The metamorphic rocks which crop out in Bright
Angel and Phantom Creeks consist mostly of quartzo- 
feldspathic schists and gneisses with minor associated
muscovite-biotite schists, mafic schists and amphibolites.
Syntectonic prograde and post-tectonic prograde and
retrograde metamorphic events are recognized.
The syntectonic prograde metamorphism is evidenced
by the development of a strong schistosity formed by
Introductinn
9sub-parallel alignment of biotite and muscovite flakes
set in a granoblastic matrix of quartz and plagioclase.
The quartz and plagioclase have a preferred orientation
parallel to the schistosity. The biotites are idio- 
morphic and have sharp crystal faces except where re­
placed by chlorite. Muscovite is generally associated
with biotite. The contacts between the two are sharp,
which suggests that the pair is stable.
Spongy, porphyroblastic garnets which overgrow
the schistosity indicate a post-tectonic prograde event.
These garnets have rounded outlines, with a poikilo- 
blastic texture. They enclose earlier biotite and
quartz-plagioclase matrix, (Fig.2 ).
A post-tectonic retrograde event is shown by the
growth of chlorite flakes over the schistosity and also
by the replacement of biotite and garnet by chlorite.
Well developed chlorite overprinting the schisto­
sity in rocks collected along the Bright Angel fault
may indicate that movement along this fault has facili­
tated the development of a retrogressive assemblage
in this area.
The lack of politic rocks in the Bright Angel and
Phantom Creeks has made the determination of metamorphic
grade difficult. No indicator minerals, such as stauro- 
lite, kyanite, or sillimanite were found by the present
author, but sillimanite was found by M.S, Clark (per­
sonal comm.). The lack of such minerals is probably
m^"
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1 mm
Fig. 2 Post-tectonic porphyroblastic garnet overgrowing
earlier foliation formed by aligned biotite in
sample 45-3.
11
because rock composition is inappropriate. The most
common assemblage is quartz-plagioclase-muscovite- 
biotite-garnet. This assemblage does not delineate
any particular zone, as it is stable in rocks of the
appropriate composition from upper greenschist to
upper amphibolite facies. With this problem in mind,
the more Mg-Fe rich rocks were investigated.
The appearance of a cummingtonite-hornblende- 
plagioclase assemblage in Bright Angel Creek may in­
dicate that the area is in the upper amphibolite facies
Stout (1972) in his studies on the amphibolites at Tele
mark, Norway finds the lower stability limit of cum- 
mingtonite in the staurolite zone. Winkler (1967)
indicates that cummingtonite can be stable in his
staurolite-almandine subfacies or at higher grade.
At lower grade it breaks down to talc. Therefore,
the presence of cummingtonite in Bright Angel Creek
suggests that the area is in at least staurolite zone
and possibly higher.
91 Mile to 94 Mi Ip
Between 91 Mile and 94 Mile, three drainages were
investigated. 91 Mile Creek and 94 Mile Creek, have
similar lithologies; a course grained muscovite schist
IS common in both, along with minor quartzo-feldspathic
schists and mafic schists. Between these two drainages,
a homogeneous quartzo-feldspathic gneiss is found in
Trinity Creek. Whether or not the schist and gneiss
12
are the same age is questionable but it appears they
are in the same facies.
The schists in 91 Mile and 9^ Mile Creeks are coarse
grained, showing a well developed schistosity, Musco­
vite porphryoblasts up to 3-^ cm across are common
in 91 Mile Creek; somewhat smaller muscovite porphry­
oblasts are found in 9^ Mile Creek. In 94 Mile Creek
coarse crystalline porphyroblasts of sillimanite up to
3 cm long occur. Thus, sillimanite zone conditions
were attained in this area.
A second metamorphic event occurred synchronously
with folding and/or shearing. During this period, large
porphryoblasts of muscovite recrystallized from the
finer grained muscovite. At the same time, felts of
fibrolite and some crystalline sillimanite crystallized
in and over biotite and muscovite (Fig.3 ). Whether
the micas are part of the reaction forming sillimanite
or if they are only a convenient place for sillimanite
to crystallize is conjectural, Thompson and Norton
(1968) point out that the reaction Aim + Mus 2Sill +
Biot + Qtz could explain the association of sillimanite,
muscovite, and biotite if they all were part of the
same reaction.
Following the development of sillimanite, the bent
muscovite flakes recrystallized during a post-tectonic
event and are now seen as straight crystals cutting
the folds.
13
0.5 mm
3 Sillimanite overgrowing biotite in sample 45-41
14
Keplacement of biotite by chlorite, though not well
developed, indicates a minor retrogressive event.
Homogeneous gneisses in Trinity Creek were barren
of textures indicating the tectonic history. A good
gneissosity defined by aligned biotite, and segregation
of felsic and mafic layers probably reflects a pervasive
episode of syntectonic metamorphic segregation. How­
ever, it could just as well represent relict sedimentary
layering.
xhe felsic fraction of these gneisses is made up
of quartz, plagioclase and K-feldspar. These minerals
generally show undulatory extinction and deformation
twinning. Mortar textures are also present.
Retrogressive chlorite is found replacing garnet
and biotite.
Maximum metamorphic grade found in 91 and 94 Mile
Creeks is indicated by the assemblage, muscovite-biotite- 
sillimanite-K-feldspar. This assemblage suggests that
these rocks have undergone metamorphism under sillimanite
zone conditions. The presence of K-feldspar with silli­
manite points to even higher grade (Thompson and Norton,
1968), At this grade the muscovite breaks down to silli­
manite + K-feldspar by the reaction Mus+Qtz-^Sill+K-feldspar,
and therefore muscovite should not be stable. However,
syntectonic porphryoblasts of muscovite are found, and
this indicates that the rocks are not in the highest
metamorphic zone of Thompson and Norton (1968), Turner
(1968) recognized a facies which contains sillimanite
15
in association with muscovite. He places these rocks
in the sillimanite-muscovite zone, and he indicates that
K-feldspar cannot be stable in it. Evans and Guidotti
(1966) suggest that if PH2O rock strength = P-total
and a closed system is maintained, then the reaction
iWus + Qtz — Sill + Ortho + H2O would proceed slowly and
act as a buffer to keep PH2O stable. If these conditions
were continued, the muscovite would eventually be con­
sumed, However, if they were interrupted, then the mus­
covite could be found in association with sillimanite and
K-feldspar. They also postulated that the onset of frac­
tional melting could essentially result in the same assem­
blage. The intimate intergrowths of muscovite and silli­
manite with surrounding K-feldspar may be the textural
result of an arrested reaction along the isograd between
the sillimanite-muscovite and sillimanite-orthoclase zones.
However, as pointed out by Evans and Guidotti, it could
also result from fractional melting. At this time, the
data are still inconclusive.
While upper amphibolite facies metamorphism is clearly
seen in 91 and 9^ Mile Creeks, no such assemblages were
observed in Trinity Greek. The homogeneous gneisses do
not show the typical indicator minerals, and as in the
Bright Angel area, this is probably due to the lack of
Al-rich rocks. The common assemblage of quartz-plagioclase- 
biotite-muscovite-garnet is not definitive. However,
an inclusion of presumably an ultrmafic rock has
developed the assemblage anthophyllite-biotite-plagioclase
16
which may define the metamorphic /^rade in Trinity Creek.
This assemblaRe appears to be in equilibrium an indicated
by the sharp boundaries between anthophyllite and biotiie.
On the basis of Greenwood's (I963, 1971) experimental
work (see I’ig. 4), and the relationships pointed out
by Stout (1972), Turner (1968) and Winkler (1967), the
anthophyllite found in Trinity Creek indicates a high
temperature environment and the rock should be placed in
the upper amphibolite facies.
94 to 99 Mile
The area from Mile 94 to Mile 99 appears to have the
lowest grade rocks in the study area. Shearing and
recrystallization have obliterated many of the older
textures.
Near Mile 96, the rocks are mostly mica schists.
These have a well developed schistosity defined by aligned
muscovite and biotite. In areas which underwent little
late shearing or recrystallization, the rocks contain
rounded, embayed garnets overprinting the schistosity
which indicates a post-tectonic prograde event. Replacing
the biotite and garnet, are ragged patches and rims of
chlorite. This, as elsewhere, indicates a final retro­
gressive event seen throughout the study area.
Of particular interest is the apparent response of
the rocks to shearing. Adjacent to a small pluton near
Mile 96, extensive shearing has taken place over a distance
of several hundred meters ( see Fig. l). The rocks close
17
Fig. 4 Stability range of anthophyllite with
Present. After Greenwood
(1963, 1971).
IB
to the pluton look like slates. Within I50 meters of the
slate, the rocks in the shear zone change appearance to
phyllites and finally schists. At first, it was thought
that this area was an anomalous belt of low grade slates
caused by variation in P-T conditions. But petrographic
work has shown that the slate is actually a phyllonite
which still shows rotated and bent pieces of the earlier
schistosity. Traversing the shear zone, the phyllonite
grades into a highly crushed and sheared schist. Grad­
ually this, in turn, grades into the typical mica schist
of the region (see Figs, 5abc),
The shearing of the rocks seems to have resulted
in the development of rather low grade rocks. The fine
grained recrystallized cataclastic rocks lack any high
grade minerals and the abundance of biotite and chlorite
suggest that retrogressive metamorphism was enhanced in
the- shear zone.
The metamorphic rocks farther downstream, near
Mile 98, are mostly muscovite-biotite schists with minor
amphibolites, calc-silicate rocks and quartzo-feldspathic
schists. The rocks show several periods of metamorphic
crystallization and deformation.
A syntectonic episode of crystallization is defined
by the developemnt of a good schistosity comprised of
aligned biotite and muscovite flakes.
Following the first event, a period of post-tectonic,
static, prograde crystallization took place. This event
is evidenced by poikiloblastic garnets which overgrow
19
l-’ig. ^ l^^v^slopment of phyllonite from a mica nchint near
j Typical schist showing weak penetrative
foliation in sample 45-96A.
20
1 mm
Fig. 5 (cont.) (b) Schist is slightly sheared with
prominent relict plagioclase grains
in sample 45-97«
21
(c)
0.5 nun
Fig. 5 (cont.) (c) Fine grained phyllonite with rotated
relict crystals of the original schist in
sample 45-99.
22
the schistosity, Helicitic textures are not present,
but this may be due to the absorption or shouldering aside
of the previously existing minerals by the garnets.
Some biotite inclusions in the garnet appear to be pre­
garnet, but in other places, the biotite appears to be
altering from the garnet. In fact, both may have crys­
tallized separately and it may not be possible to tell
the two apart.
A retrogressive, post-tectonic event is found in
most of the rocks. Chlorite is found in well developed
crystals crosscutting the foliation and as reaction rims
and patches associated with biotite and garnet. In
addition to the chlorites, idiomorphic muscovite has
randomly grown across the foliation of the schist in
upper Crystal Creek. These textures are similar to the
post-tectonic cross micas described by Spry (I969).
The grade of metamorphism between Mile 9^ and Mile
99 is lower than that between Mile 88 and Mile 9^. The
rocks are generally quite aluminous as indicated by the
abundance of muscovite-biotite schists. The lack of
sillimanite, kyanite and staurolite in the Al-rich meta­
sediments suggests the rocks have not undergone high
grade metamorphism.
The most common assemblage in the mica schists is
muscovite+biotite+garnet. In the amphibolites, the
assemblages seen are hornblende+plagioclaselepidote.
Since the lower stability limit of hornblende falls near
the greenschist-amphibolite facies boundary (Turner, I988)
23
the presence of hornblende probably indicates that the
rocks are in the amphibolite facies. However, the lack
of higher grade minerals suggests that the Crystal Creek
area rocks are in the lower amphibolite facies.
An anomolous low grade schist surrounds a small
pluton at about Mile 97• These rocks are fine grained.
The common assemblage is quartz + biotite + muscovite +
albitic plagioclase 1 epidote. The rocks appear to have
been completely recrystallized. The fine-grained textures
and the low grade assemblages suggest that these rocks
probably represent a retrogression to the greenschist
facies.
Summary
The grade of metamorphism varies considerably across
the study area. Figure 6 shows the approximate distri­
bution of metamorphic facies between Mile 88 and Mile 99,
The rocks are generally in the amphibolite facies, with
some local greenschist facies development. Upper amphi­
bolite facies rocks crop out between Mile 88 and Mile 94.
Below this area, from Mile 94 to Mile 99, the evidence
suggests a lower amphibolite facies. Local greenschist
facies near Mile 96 and Mile 97 may be a result of shearing
and recrystallization.
Throughout the study area, the metamorphic history
seems to be similar. This history can be divided into
three events defined by textural features 1 (l) Syn-tectonic
24
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development of schistosity, (2) post-tectonic static
prograde growth of garnet and (3) post-tectonic retro­
gressive development of cross-cutting chlorites and
muscovite.
26
STRUCTURE
A pervasive, near vertical NE-SW trending foliation
is found throughout the study area and only locally is it
deformed by mesoscopic structures. It is generally
parallel to the relict sedimentary bedding (Fig. 7).
Lineations are locally developed. Near Crystal
Creek, a lineation is formed by sharp crenulations in the
foliation. In other areas, a vertical lineation is
defined by aligned crystals of hornblende and/or biotite.
The relationship of the lineations to larger structures
IS not knovm and more investigation is needed for clari- 
fication.
The vertical foliation suggests folding on a large
scale and some workers propose it is associated with
isoclinal folding, Campbell and Maxson (1938) preferred
macroscopic isoclinal folds with horizontal axes to ex­
plain the vertical foliation, while Ragan and Sheridan
(1970) demonstrated that some isoclinal folds have vertical
axes. However, in this study no large scale folding
was found, although the vertical lineations tend to support
Ragan and Sheridan's hypothesis.
Sporadic mesoscopic folding has occurred in the
schists and gneisses. In all cases the foliation and
lithologic layering have been bent around the fold axes.
Nowhere was an axial plane foliation observed.
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Fig. 7 View of typical outcrop showing the
parallelism between relict bedding
and foliation. Warping is caused
by stretching of quartz-feldspar
vein to the left of hammer.
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Similar-style folding is the common style but in the
quartz-rich beds, the folds approach the parallel-style.
Two geometrically distinct types of mesoscopic
folding are found. A series of isoclinal folds (Fig. 8 )
are found mostly in the western section of the study area.
This system is folded around NE-SW axes which have variable
plunges, although the predominant orientation is sub­
horizontal. The axial planes are nearly vertical and
parallel to the regional foliation.
A second system of closed, asymmetrical folds (Fig. 9 )
is found throughout the study area and does not seem to
be concentrated in any single area or lithology. These
folds are bent around NE-SW axes. The plunge of the
axes, while nearly vertical, does vary from 65° to 90°
either toward the NE or the SW.
It is difficult to determine which of these two
fold types is earlier. The different orientation of axes
may indicate different phases of deformation, but, in
no one place was one type superimposed upon the other.
Without this sort of evidence, it is difficult to be con­
vinced which of the two phases is younger. Lingley (1973),
in his study of the Clear Creek area, proposed that a
later folding event has refolded the earlier system(s),
giving the earlier folds a variable axial plunge. This
could account for the obvious variation in the plunge of
the axes seen in the study area. However, no evidence
for this late folding episode was found in the field.
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Fig. 8 Isoclinal folding near Mile 96
30
31
Minor disharmonic folding js found along the relict
boddlng planon. Those folds ntrlko Nl*:-:;w end have vor­
tical axial planon and near vortical plunges, Th^rn
appears to have been some plastic flow in these zones
but the exact mode of origin and their relationship to
other structures is not clearly understood.
The migmatitic complex found in Phantom Creek has
been intensely deformed, possibly during the emplacement
of adjacent granitic plutons. The rocks apparently were
in a mobile state, as evidence of plastic deformation
is widespread.
Micro-folding is also only sporadically developed.
The schistosity has been deformed into asymmetric folds
by late syn-tectonic movement. Some evidence indicates
that the folding may be due to shearing movement, although
this has not been proven. The folding is similar to the
second mesoscopic system previously described.
Boudinage is common throughout the area. Especially
prominent are quartzo-feldspathic veins and pegmatite
dikes and sills which show marked pinch and swell struc­
tures. The vertical orientation of the boudins indicates
either horizontal compression or vertical extension.
Ragan and Sheridan (1970) recognized the boudinage in
the Phantom Ranch area and thought it could reflect as
much as 50 percent shortening.
At this time, no genetic or time relationship can be
determined between these fold systems.
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A NW trending set of kink bands overprint earlier
structures. They range in size from ^ in, to 3 in,
across and have sharpt angular hinge zones. These kinks
may be related to late stage shear zones, but the data
at this time are inconclusive.
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PHANTOM GRANITIC COMPLEX
Introduction
Campbell and Maxson (1935) recognized a migmatitic,
granitic unit in Phantom Creek and informally named it
the "Phantom Granite". They described the rock as a
"light colored, medium to coarse grained quartz monzonite",
and in later work interpreted the migmatitic borders
(called Phantom migmatite by Campbell and Maxson, I938)
as due to "digestion or replacement of the country rocks".
Pasteels and Silver (1965)* have determined ages of
1695! 15 m.y. on rocks of the "Phantom Granite".
This granitic complex crops out approximately 400
meters up Phantom Creek from its confluence with Bright
Angel Creek. The complex is made up of two distinct
units, a light gray granodiorite, and a pink quartz
monzonite.
Granodiorite
Field Relationships
The granodiorite varies considerably in color,
texture, and composition. In lower Phantom Canyon, it
is a gray, rather fine-grained, phaneritic rock. In
hand specimen, the rock often has a "salt and pepper"
speckled appearance. However, traversing up the canyon,
the rock becomes somewhat coarser and pink to deep red
in color. These color changes are due to both enrichment
in microcline and staining by hematite.
Textural variation is pronounced and may indicate
the emplacement of granitic material during different
times in the tectonic history of the area. In lower
Phantom Canyon, the granodiorite has only a very slight
fabric which suggests the rock is latest syn-tectonic.
In the mid-section of the canyon, granodiorite has a well- 
developed, nearly gneissose fabric, which suggests em­
placement was syn-tectonic. A non-foliated, presumably
post-tectonic, "granitic" phase crops out in upper Phantom
canyon.
Contacts between the granodiorite and schist are
usually quite sharp, and can be either nearly concordant
or grossly discordant. Apophyses cut the schist, suggesting
an intrusive origin. Migmatitic border zones, consisting
of plastically deformed, intermixed felsic and mafic
material, are common in some areas. Field evidence
supports an intrusive origin for the migmatites. The
contacts between the leucocratic and schistose portions
are quite sharp. They lack any diffuse zone or relict
fabric that might have resulted from replacement. Mafic
selvages, generally considered to be the result of ana- 
texis, are not well developed in the migmatitic border
zone,
Elongate septa of schist, often over 50 meters long
and a few tens of centimeters across, are found in this
pluton. The foliation of the schist septa is parallel
to that of the surrounding schist. The contacts are
usually sharp and rarely show good evidence of intrusive
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activity. The septa do not appear to have been rotated
or broken as might be expected if the granodiorite is
intrusive. Campbell and Maxson (1938) alluded to "palim­
psest and ghost-like features" found in the "Phantom
migmatito". They suggested these features were the re­
sult of replacement of the country rock. Possibly the
septa recognized by the author are the "ghost-like
features" recognized by Campbell and Maxson.
Petrography
The common mineral assemblage is quartz-plagioclase- 
biotite-microcline. Accessory minerals are zircon,
sphene, apatite, and opaques, A complete mineralogy
is listed in Appendix A,
Plagioclase, often weakly zoned, is the dominant
feldspar. Its composition ranges from An^^g "to An^^,
with the majority as oligoclase. Myrmekitic textures
are common,
Microcline occurs as grid-twinned anhedra. It is
usually interstitial, although megacrysts are found,
especially in the more "granitic" portions of the body
in upper Phantom Creek, Microperthite and granophyric
intergrowths are also found.
The granodiorite has a medium-grained, allotrio-
morphic granular texture. Crystal boundaries are usually
curvilinear and embayed. A slight fabric is defined
by aligned biotite. Recrystallized aggregates of quartz,
alteration of biotite to chlorite and slight cataclastic
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features are also found. These features suggest the
granodiorite has undergone metamorphism following em­
placement,
Quartz Monzonite
Field Relationships
A small porphyritic, quartz monzonite pluton, found
along the eastern edge of the granitic complex, is a
pink, slightly foliated, homogeneous body. The rock
is quite coarse grained and contains phenocrysts of
microcline. Alignment of the phenocrysts give the rock
a slight fabric. This fabric suggests the rock was em­
placed during late-syntectonic time. However, the fabric
may be due to primary flow and thus the rocks could be
post-tectonic. The data now assembled are insufficient
to prove which may be the case.
Contacts with the granodiorite suggest the quartz
monzonite is intrusive (Fig. 10 ). A breccia is found
along portions of the contact. Apophyses intruding schist
septum substantiate an intrusive origin. Other evidence
which may indicate an intrusive origin are rotated and
plastically deformed mafic schlieren. These schlieren
are probably partially assimilated blocks of granodiorite
or gneiss.
Abundant aplite and pegmatite bodies are found
along the contact between the two granitic bodies and
they also intrude the granodiorite. A migmatitic border
zone between the granodiorite and quartz monzonite may
represent a zone of interaction between the two units.
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Pig. 10 Intrusive breccia at contact between grano- 
diorite (dark rock) and quartz monzonite
'light material) in Phantom Canyon.
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A few schist septa are found in the pluton. The
foliation of these septa is parallel to the regional
foliation and the septa do not appear to have been ro­
tated or broken. However, they have sharp contacts with
the /.’jranito and are cut by f>;rnni tic dlken. J f the quart.
monzonite is intrusive, then it is difficult to explain
how fragile septa such as these have not been affected.
The pluton is in contact with high grade quartzo- 
feldspathic schists and gneisses along its downstream
edge. No evidence of large scale granitization or con­
tact metamorphism was observed.
Petrography
The essential minerals in the quartz monzonite are
quartz-microcline-plagioclase-biotite-muscovite. Acces­
sories include zircon, apatite, sphene, opaque ores and
epidote. A more detailed mineralogy is listed in Appendix
A.
Microcline is the dominant feldspar and it occurs
as anhedral grains and larger megacrysts. The megacrysts
give the rock the porphyritic appearance seen in hand
specimen.
Optical determinations indicate that the plagioclase ranges
in composition from An^Q to Angg* ^^Iculations of plagioclase
composition from chemical analyses give values of An^Q to
An2Q. Plagioclase crystals adjacent to microcline tend
to develop myrmekitic textures.
39
The rock should be classed as a biotite-muscov5te
quartz monzonite since both muscovite and biotite are
found. The muscovite occurs as euhedral primary plates
and secondary aggregates.
The quartz monzonite is generally coarser than the
granodiorite. Grain size varies from 1 to 3 min. The
texture is allotriomorphic-granular or, where microcline
phenocrysts are abundant, allotriomorphic porphyritic,
Hypidiomorphic textures were observed in some thin
sections.
Curvilinear grain boundaries, the slight fabric,
minor cataclastic features, and retrogressive mineral
assemblages (biotite altering to chlorite) suggest the
granite has undergone low grade metamorphism. The tex­
tures now evident are probably due to recrystallization
and the hypidiomorphic textures found in some sections
are remanents of the original texture.
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TRINITY GNEISS
Introduction
A distinctive gneissic unit crops out between Mile
91.3 to 92.3 along the Colorado River (see Fig, 1 ),
The gneiss was first recognized and studied in Trinity
Canyon, Previous workers have not recognized this gneiss
as a separate unit. However, the gneiss is not similar
to the Vishnu Schist or Brahma Schist as described by
Maxson (I96I), In this report, the gneissic unit will
be called the Trinity Gneiss.
Field Relationships
The Trinity Gneiss is, for the most part, a homo­
geneous, gray to pink, gneissic rock. Contacts with the
Vishnu Schist are not seen in Trinity Creek canyon,
although in Salt Creek canyon, the gneiss is interfolded
with the Vishnu Schist, The upstream contact with Vishnu
Schist type lithologies appears to be tectonic in nature.
The dominant gray gneiss is a medium grained, grano- 
dioritic rock which displays marked layering of mafic
and felsic constituents. The pink gneiss, abundant in
the lower reaches of the canyon, has gradational contacts
with the gray gneiss. This contact may be due partially
to hematite staining and also to changes in composition.
Intercalated with both the pink and gray gneisses
are layers, 5 to 50 cm, across, of quartzite and mica
schist (Fig, 11 ), These layers makeup bands several
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Fig 11 Relict sedimentary bedding in Trinity Creek
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lO's of meters across the canyon. Gradational contacts
between the schist and quartzite are common, but the
contacts between the interlayers and the gneiss are
rather sharp. These relationships may be due to meta- 
morphic segregation, but the writer believes they reflect
relict sedimentary bedding.
Calc-silicate pods and lenses are found dispersed
throughout the gneiss. They are aligned parallel to the
gneissosity and have sharp contacts with the surrounding
gneiss. No evidence of shearing or rotation is seen to
support an hypothesis of tectonic or magmatic emplacement
of these lenses. The presence of calc-silicate pods, along
with the schist and quartzite layers mentioned above,
strongly suggest the gneiss is meta-sedimentary.
Distinctly cutting the gneiss are amphibolite dikes
and foliated leucogranitic dikes. These are not found
in the rest of the study area and again suggest that the
Trinity Gneiss is truly different than the Vishnu Schist.
The amphibolites have a strong foliation parallel to that
of the gneiss yet they distinctly cut the relict layering.
Leucogranitic dikes, which also have a strong foli­
ation parallel to that in the gneiss, cut the gneiss.
Apophyses and sharp, cross-cutting contacts indicate these
dikes are intrusive. Plastic deformation in the gneiss
adjacent to a granitic dike suggest that the dike acted
as a resistant unit around which the gneiss "flowed".
They suggest that the dikes are pre-tectonic or early
syntectonic, but only more field work will clarify this
problem.
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Petrography
The common mineral assemblage is quartz+plagioclase
(An28-An2^)+biotitelmicroclinelgarnet. Accessory min­
erals are epidote, sphene, apatite, zircon, and opaque
ores. A complete listing of mineral assemblages is
found in Appendix A.
The gneissic rocks mostly have a granodioritic
composition although with increase in microcline content
they grade into granites. The felsic minerals are usually
xenoblastic but some plagioclase is subidioblastic.
Granophyric and myrmekitic intergrowths are common,
Subidiomorphic to xenoblastic biotite defines the folia­
tion. Post-tectonic garnets overgrow the foliation and
are themselves commonly replaced by chlorite.
Most of the gneissic rocks have an inequigranular,
gneissose texture, but minor portions are granoblastic.
Syn-tectonic growth of minerals and contemporaneous
segregation (perhaps enhancing relict sedimentary layering)
of felsic and mafic fraction have resulted in a weakly
foliated rock.
The schistose intercalated layers are comprised
of fine grained, finely foliated quartz, plagioclase and
biotite. Thin layers of opaque minerals are found in
the foliation and may indicate relict sedimentary bedding
planes. However, they might also be the result of meta- 
morphic segregation.
The effects of cataclasis are widespread, but the in­
tensity of deformation varies considerably. Recrystalli­
zation of the granulated material has occurred, to some
extent, in all the rocks
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CRYSTAL CREEK GRANITE
Field Relationships
A small, granitic pluton, approximately 500 meters
across, crops out at Mile 97t5 along the Colorado River,
just upstream from Crystal Creek. This pluton was mapped
as a satellite stock of the Zoroaster Granite by Maxson
(1961). However, any similarity between the two is not
evident as the type Zoroaster has a strong gneissic fabric
and is syntectonic (Lingley, 1973) while the pluton
near Crystal Creek has little if any fabric and is pre­
sumably post-tectonic. In this report, this pluton will
be called the Crystal Creek Granite.
The Crystal Creek Granite is a fine-grained, pink,
phaneritic rock. In hand specimen, the granite appears
to be quite uniform both in texture and composition.
For the most part it is massive, but locally a weak
fabric is found.
The origin of the pluton is obscure. The contacts
with the surrounding schist appear concordant for tens
of meters although some discordancy is found on the scale
of several centimeters. A few, small granitic "intrusions"
cut the schist but these may be related to post-emplacement
shearing and not to actual magmatic invasion.
The envelope rocks show no evidence of contact
metamorphism. The schists tend to become finer grained
as the contact is approached although no hornfelsic
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textures or contact metamorphic mineral assemblages
were observed. Alteration of the schist is limited to
local metasomatic effects within a few centimeters of
the contact. Diffuse contacts with an amphibolite sep­
tum, enrichment of the schist in muscovite, the intro­
duction of tourmaline, and the growth of potassium feld­
spar porphyroblasts in the schist suggest that some
metasomatism has taken place.
Septa of schist, several meters across and hundreds
of meters long, locally cut the pluton. The septa are
mineralogically and texturally identical with the schist
country rock. The foliation of the septa are perfectly
parallel to that of the surrounding schist. The contacts
with the granite are usually quite sharp, yet no clearly
intrusive features are found. The septa completely cut
the pluton (Fig,12 ), which might suggest that they are
not large inclusions but actually walls separating two
smaller plutons. Since the septa are perfectly concor­
dant with the envelope schist and show no evidence of ro­
tation, the writer prefers the latter interpretation.
Small, dark inclusions are scattered throughout the
pluton. These inclusions vary from elongated wisps to
rectangular plates. They are generally 1 or 2 cm long
and commonly no more than one centimeter across. They
appear to be quartz rich although mafic, schistose in­
clusions are found. In every case, the inclusions were
found to be aligned parallel to one another and to the
foliation of the country rock. The contacts with the
4?
Fig. 12 Schist septum cutting Crystal Creek Granite,
iieptum IS approximately 10 meters across.
4B
are sharp yet in no place was granite seen cutting the
inclusions,
Petrography
The Crystal Creek Granite is a fine grained to
medium grained, inequigranular rock. A seriate texture
is common. This texture is due to low grade metamorphic
and cataclastic events,
Metamorphic recrystallization has resulted in
curvilinear grain boundaries, ragged, resorbed crystals,
and a nearly granoblastic appearance in portions of the
rock, Cataclastic deformation has resulted in the de­
velopment of mortar textures, granulated material along
shear planes, micro-faulting, deformation twinning, and
strained crystals.
Subhedral, tabular plagioclase interlocking with
anhedral quartz and microcline suggest a relict igneous,
hypidiomorphic texture. Straight, sharp boundaries be­
tween the plagioclase and other crystals along with
zoning plagioclase megacrysts found throughout the rock
may be relict plagioclase phenocrysts. However, more
work must be done to prove this.
Although most of the rock is granitic, a few samples
collected along the margins are syenitic in composition.
These rocks are characterized by very little quartz
(less than 10%), albitic plagioclase (up to 55 to 60%),
and abundant hornblende. Although adjacent to an am­
phibolite septum, no textural evidence of contamination
was found in the syenite.
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The common mineral assemblage found in the Crystal
Creek Granite is microcline-plagioclase-quartzihornblendet
biotiteiepidote. Less common, but locally abundant,
are sphene and calcite. Accessories include zircon,
apatite, allanite, hematite and opaque ores. A more
detailed mineralogy is listed in Appendix A.
Quartz varies the most in grain size. It can be
found as small inclusions or as aggregates one to two
millimeters across. Sodic plagiocla.se (An2-p) is found
both in the "groundmass" and as larger, subhedral to
anhedral megacrysts. Sharp deformation twinning is
common. Weak, gradational zoning patterns are found in
some larger grains. Microcline is present either as
anhedral grains in the groundmass, anhedral megacrysts,
or patches replacing plagioclase. Green, subhedral to
anhedral biotite occurs either as discrete crystals or
a part of mafic aggregates. Brown to bluish-green horn­
blende is locally abundant. Subhedral crystals are common
and euhedral cross sections are not uncommon. Meta- 
morphic epidote, probably pistacite, is ubiquitous.
It is clear to yellowish-green, but dark, Fe-rich
cores are found in nearly every grain. Often it surrounds
crystals of allanite. Epidote commonly occurs as granu­
lar masses but well formed crystals also are found.
Inclusions
Two distinctly different types of inclusions are
found in the Crystal Creek Granite. The most abundant
inclusions are very rich in epidote, biotite, sphene.
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The other inclusions are made up almost entirely of
quartz with only minor amounts of epidote and biotite.
The quartz is generally strained and somewhat elongated
but this is probalby due to late stage deformation. The
quartz rich nature of these inclusions suggests that they
are residuum of xenoliths of the country rock incorporated
in the magma during emplacement.
Schist Septa
Petrographically, the septa of schist found in the
granite are similar in texture and mineralogy to the
surrounding schists. They are fine-grained, schistose
rocks composed of somewhat elongated quartz, plagioclase,
and biotite, with minor muscovite and chlorite. The only
apparent difference between the two is the appearance of
epidote and tourmaline in greater amounts in the septa.
apatite, opaques and zircon. Often some relict hornblende
is found. There is little quartz or feldspar. They have
sharp contacts with the granite and exhibit no fabric.
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PEGMATITES
Field Relationships
Tabular, granitic pegmatite dikes and sills, often
lO's of meters across and at least 300 meters long, are
found throughout the study area, although the percentage
present varies considerably. In the eastern portion
of the area, pegmatites comprise up to 50% of the rock,
while to the west, between Mile 95.5 to Mile 98.5, few
pegmatites are found.
The majority of the pegmatites are mineralogically
simple. They are generally "granitic" in composition.
Coarse grained quartz and plagioclase are more abundant
in the center of the dikes and microcline is concentrated
along the edges. Composite pegmatites are also common.
These bodies are usually made up of two or more texturally
separate zones. For the most part, a pegmatitic core
is flanked by aplite margins. Quartz pods and veins are
also often associated with the pegmatites and/or aplites.
Most of the pegmatites have been internally deformed,
although few have a well defined foliation. The defor­
mation indicates they are late syn-tectonic, Massive,
presumably post-tectonic, pegmatites are found near
Phantom Ranch.
It is common to find several dikes crosscutting
each other. However, since all the pegmatites are simi­
lar in composition and texture, the cross-cutting dikes
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were derived from the same source, but emplaced slightly
later.
Most field evidence, throughout the study area,
supports a late stage, intrusive origin for the pegmatite.
Apophyses of pegmatite intruding the country rock (Fig. 13),
dilational features, rotated xenoliths, and sharp, cross
cutting relationships support this conclusion. Excellent
proof can be found in Phantom Creek where the quartz
monzonite is distinctly crosscut by a pegmatite dike which
contains a rotated inclusion of the host rock.
In the area of high (upper amphibolite facies)
metamorphic grade, pegmatites consisting of dark pink
to red microcline and plagioclase, are found. The pegmatites
are not restricted to a single sharply bounded body, but
are usually found as zones rich in granitic constituents
which grade outward into the schist. The lack of sharp
boundaries, remanents of schist foliation and potash feldspar
porphyroblasts a meter or more from the body suggest that
these pegmatites are due to replacement of the country
rock.
Many pegmatites appear to be associated with folding.
In several places, pegmatites are found to cut through
the hinge zones of folds. In most cases, the pegmatites
appear to be intrusive. Whether or not the structure
controlled the emplacement of these dikes is not known
and it warrants further study.
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Fig.13 Pegmatite apophyse cutting Vishnu Schist near
Crystal Creek.
Alteration along the contacts is common. Mica
schist adjacent to pegmatites is often enriched in muscovite
for several centimeters from the contact,
PetropTaphv
The pegmatite and aplite is made up mostly of quartz,
K-feldspar, plagioclase (An£ to An2Q) and primary mus­
covite. Garnet and sillimanite are found in a few speci­
mens. Accessory minerals are hiotite, hematite, epidote,
zircon, chlorite and opaque ores. Minor tourmaline,
beryl and magnetite are uncommon. A complete mineralogy
is listed in Appendix A.
The pegmatites are hypidiomorphic-granular and aplites
are allotriomorphic-granular. Plagioclase is usually
subhedral and generally partially altered to clay minerals.
The plagioclase is intergrown with anhedral, perthitic
micrcline and quartz, Muscovite occurs as primary,
euhedral crystals and as secondary aggregates replacing
feldspar.
5*^
OTHER GRANITIC UNITS
Well foliated granitic dikes and sills are found
scattered throughout the area. They are usually quite
small, averaging less than a meter to 20 meters across,
and have a tabular form. The well developed fabric
suggests the rocks are either pre-tectonic or syntectonic.
Possibly they are related to the pre-tectonic or syntectonic
phase of the Zoroaster Granite described by Lingley (1973).
PETROCHEMISTRY
Phantom Granitic Complex
Quartz Monzonitei Major element analyoes, C.I.P.W.
norma, normative plagioclase compoaitiono and pertinent
ratios are listed on Table la. The quartz monzonite is
a highly evolved rock as shovm by its high silica and
alkali content and its depletion in iron and magnesia.
The rock is chemically similar to the average adamellite
of Nockolds' (1954) (Table 5»F)* although it is some­
what enriched in Na20 and low in CaO and K2O,
The ratios for FeO/MgO, Na20/Ca0, and K20/Ca0 on
Table la are moderately high, with the exception of
sample 45-83. This low value is probably due to the
oxidation of the iron to hematite, as reflected by the
high Fe20^ values. The Na20/K20 ratio is low (0.8-1.7)
which is typical of late differentiates.
The samples with greater than 80% normative Ab+
Or+Qtz were plotted on the Ab-0r-Qtz-H20 system (Tuttle
and Bowen, 1958j Luth et.al.,1964) and the Ab-An-Or
system (Kleeman, I965). The majority of the data clusters
around the cotectic minimum at 3 kb on th Ab-Or-Qtz
system (Fig. I4a), but the data falls in the plagio­
clase field adjacent to the low temperature trough
in the Ab-An-Or system (Fig,l4b).
Granodioritei The chemical data for the granodio- 
rite are listed in Table lb. The chemical compositions
are similar to that of the quartz monzonite, AI2O3,
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Table la. Chemical analyses and C.I.P.W. Norms of the
Phantom Quartz Monzonite
43-4 45-8I 45-82 45-85 45-84
Si02 71.93 73.66 69.45 69.14 71.94
Ti02 0.28 0.16 0.43 0.56 0,14
13.65 13.67 14.13 15.05 14.17
^®2^3 1.02 1.11 1.31 4.06 0.32
FeO 1.60 1.86 2.93 0.29 1.26
MnO 0.08 - - - -
MgO 0.72 0.47 1.03 0.80 0.41
CaO 1.86 1.85 2.17 1.99 1.42
Na20 3.70 3.96 3.00 5.15 4.22
K2O 3.65 4.24 3.92 3.04 3.65
Total 98.49 100.98 98.37 99.86 97.53
Qz 29.09 27.01 27.91 20.72 27.56
Or 22.11 25.03 23.92 18.02 22.17
Ab 3^.07 33.5^ 27.83 46.41 38.97
An 9.^6 6.99 11.11 8.94 7.24
Co 0.26 0.00 1.15 0.00 0.78
Wo 0.00 0.87 0.00 0.59 0.00
Hy 3.-^5 3.18 6.06 2.22 2.74
Mt 1.09 1.16 1.41 0.08 0.34
Hm 0.00 0.00 0.00 2.89 0.00
11 0.40 0.44 0.62 0.50 0.20
Norm.Plag Anio An2o Anio Ang
FeO/MgO 2.2 4.0 2.8 0.4 3.1
Na20/CaO 2.0 2.1 1.4 2.6 3.0
K20/Ca0 2.0 2.3 1.8 1.5 2.6
Na^O/KpO 1.0 0.9 0.8 1.7 1.2
: not determined
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Table lb. Chemical analyses and C.I.P.W. Norms of the 
Phantom Granodiorite
^5-7A 45-11 45-19 45-74 45-75 45-76 45-77
Si02 70.20 72.78 70.54 74.41 73.69 75.01 71.97
TiO^ 0.^ 0.18 0.41 0.05 0.15 0.22 0.22
14.45 14.09 13.99 15.68 13.16 15.69 14.04
^®2^3 1.29 0.28 0.97 0.21 0.97 2.07 0.56
FeO 2.22 2.08 2.22 1.50 0.94 1.34 1.53
MnO 0.09 0.00 - - 0.04 0.05 0.04
MgO 0.90 0.46 0.84 0.30 0.50 0.46 0.48
CaO 2.19 1.04 2.06 1.33 1.63 1.43 1.46
Na20 3.72 3.40 3.65 3.76 5.76 5.05 3.50
K2O 5.99 4.72 5.98 4.50 3.93 5.56 4.96
Total 99.49 99.03 98.66 99.54 98.77 100.88 98.76
Qz 24.62 28.82 25.83 29.09 30.64 28.03 26.55
Or 23.91 28.44 24.06 26.90 23.75 35.07 29.90
Ab 35.88 31.14 53.54 34.16 34.51 27.57 52.07
An 11,02 5.26 10.26 6.67 7.58 7.14 7.59
Co 0.05 1.66 0.00 0.22 0.00 0.06 0.29
Wo 0.00 0.00 0.08 0.00 0.27 0.00 0.00
Hy 4.48 4.13 4.62 2.66 1.99 1.61 5.06
Mt 1.57 0.30 1.04 0.22 1.04 2.18 0.60
Hm 0.00 0.00 0.00 0.00 0.00 0.00 0.00
11 0.62 0.26 0.58 0.07 0.21 0.31 0.31
Norm.Plag • -‘“16 AUg ahi5 Anio Anil Ani5 An^2
FeO/MgO 2.5 4.5 2.6 4.3 1.9 2.9 5.2
Na20/CaO 1.7 3.5 1.8 2.8 2.3 2.1 2.4
K20/CaO 1.8 4.5 1.9 3.4 2.4 3.9 5.4
Na20/K20 0.9 0.7 0.9 0.8 1.0 0.5 0.7
not determined
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TiOg, total Fe, MgO and CaO decrease while K2O and NagO
increase with increasing silica content. The granodio- 
rite is chemically intermediate between Nockolds' (1954)
average calc-alkaline granite and adamellite (Table 5,
D, F). The former is higher in K2O and the latter is
lower in Si02 and higher in CaO content.
The ratios in Table lb are similar to those of the
quartz monzonite, although for the most part, the FeO/
MgO, Na20/Ca0, K20/Ca0 ratios are higher and the Na20/
K2O is somewhat lower. The high FeO/MgO ratios in 45-11
and 45-74 reflect the biotite-poor nature of the grano- 
diorite.
When plotted on the Ab-Or-Qtz system (Tuttle and
Bowen, 1958; Luth et. al., 1964), the granodiorite falls
parallel to the cotectic trough at approximately 3 kb,
with the majority of points falling in the thermal
minimum (Fig. I4a).
In the Ab-An-0r-Qtz-H20 system (Kleeman, I965)
the data overlap that of the quartz monzonite, although
they are slightly enriched in Or (Fig. l4l). This re­
flects the more potassic character of the granodiorite
which may be due either to a greater degree of differen­
tiation or to late potassium metasomatic fluids.
The chemical similarity between the quartz monzon­
ite and granodiorite suggests that the two are co-genetic,
and produced from the same parent magma.
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Fig. (a) Plot of Phantom Complex rocks in the Ab-Or-Qtz
system. Solid circles are granodiorite, open circles
are quartz monzonite. 500 bar cotectic and 10 kb 
eutectic (+) are shown (after Luth et. al., 1964).
(b) Phantom Complex rocks in the Ab-An-Or system.
Low temperature trough is shown. Dashed lines
indicate uncertainty due to analytical error (after
Kleeman, I965).
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Trinity Gneiss
Table 2 lists the composition and normative minerals
of the Trinity Gneiss. The variation in normative pla/^io- 
clase composition reflects the compositional variation
in the gneiss.
The variation in oxide content is not typical of
rocks derived from a differentiated magma. The erratic
behavior of K2O, Na^O, Ti02 and Al20^ suggest the parent
rock had a variable composition and was most likely
partially, if not entirely, sedimentary.
The high FeO and MgO contents give moderate FeO/MgO
ratios. These values reflect the high biotite and
garnet content. The values of Na20/Ca0, K20/Ca0 and
ratios are quite variable.
The gneiss shows little relation to eutectics, co- 
tectic minimums, or differentiation trends on the Ab-
Or-Qtz system (Fig. 15a) or the Ab-Or-An system (Fig. 15b).
The data plot in two fields on the Ab-Or-Qtz diagram. Part
of the data falls in a quartz rich, albite poor field
(A), and the other part trends parallel to a cotectic
line at about 3 kb, although it lies in the plagioclase
field (B, see Fig. 15a). The former group represents
the biotite rich gneisses while the latter are the more
granitic layers.
Crystal Creek Granite
Results of chemical analyses, C.I.P.W. norms, and
normative plagioclase compositions are listed in Table 3.
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Table 2. Chemical
Trinity
analyses
Gneiss
and C.I .P.W. Norms of the
47-8B 45-52A 45-54A 45-56C 45-61 45-63
Si02 68.54 71.35 73.53 70.39 69.66 69.05
Ti02 1.42 1.38 0.14 1.34 1.08 0.98
AI2O3 13.89 12.30 14.13 13.04 13.36 13.31
2.15 4.24 0.54 3.74 2.87 2.69
FeO 3.96 3.62 1.71 3.72 3.08 3.31
MnO - - - 0.10 - -
MgO 1.53 1.32 0.40 1.39 1.29 1.44
CaO 1.65 0.78 1.56 1.32 1.82 2.45
Na20 0.B5 0.41 4.99 1.52 2.02 2.13
K2O 3.70 3.41 2.95 2.82 3.30 2.73
Total 97.69 98.81 99.95 99.38 98.48 98.09
Qz 41.63 51.34 26.16 43.92 37.66 36.82
Or 23.29 21.53 17.45 17.50 20.45 16.97
Ab 8.13 3.93 44.87 14.34 19.03 20.12
An 8.72 4.13 7.44 6.88 9.47 12.78
Go 6.38 7.60 0.00 5.83 3.61 2.75
Wo 0.00 0.00 0.12 0.00 0.00 0.00Hy 7.34 4.68 3.19 5.39 5.07 6.17
Mt 2.39 4.74 0.57 4.11 3.15 2.96
Hm 0.00 0.00 0.00 0.00 0.00 0.0011 2.11 2.05 0.20 1.96 1.58 1.44
Norm. Flag . 4n^3 Anj2 An^ An24 *"2 5 An32
FeO/MgO 2.6 2.7 4.2 2.7 2.4 2.3
Na20/Ca0 0.5 0.5 3.2 1.2 1.1 0.9
KgO/CaO 2.2 4.4 1.9 2.1 0.4 1.1
Na20/K20 0.2 0.1 1.7 0.5 0.6 0.8
« not determined
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Table 2 (cont,). Chemical analyses and C.I.P.W. Norms of 
the Trinity Gneiss
45-65A 45-65B
S
45-65B
A
Si02 73.62 70.35 73.49
TIO2 0.23 0.65 0.03
AljOj 13.79 13.92 13.57
0.44 1.35 0.37
FeO 1.93 2.74 1.33
MnO - - -
MgO 0.43 0.86 0.70
CaO 1.66 2.64 1.80
Na^O 4.28 4.94 5.17
K2O 3.77 1.71 1.08
Total 100.15 99.16 97.54
Qz 26.99 25.69 31.75
Or 22.37 10.25 6.54
Ab 38.60 45.01 47.62
An 7.30 10.91 9.16
Co 0.00 0.00 0.70
Wo 0.39 0.95 0.00
Hy 3.57 4.84 3.79
Mt 0.46 1.43 0.40
Hm 0.00 0.00 0.00
11 0.32 0.92 0.04
Norm. Flag. > 0
FeO/MgO 4.5 3.2 1.9
Na20/Ca0 2.6 1.9 2.9
K20/Ca0 2.3 0.6 0.6
NagO/K^O 1.1 2.9 4.8
t not determined
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Fig, 15 (a) Plot of Trinity Gneiss rocks in the Ab-Or-Qtz
system. 50G bar cotectio and 10 kb eutectic (+) are
shown, (b) Plot of Trinity Gneiss rocks in the Ab- 
An-Or system. Low temperature trough is shown.
Dashed lines indicate uncertainty due to analytical
error (after Kleeman, 1965).
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The majority of the rocks have compositions very similar
to the average granodiorite of Nockolds' (1954) (Table
5,g). However, the abundance of Al20^ and Na20 in some
samples suggests the granite has been contaminated by
the country rock.
Rocks collected adjacent to an amphibolite sill
(45-126A&B) and those collected near the schist contacts
(45-II9L and 45-I2IA) have unusually high content of
Na20 and Al20^ and low ^2®* Sample 121A also has a
high CaO content. These rocks are approaching a soda
syenite in composition. Their proximity to the country
rock and their unusual composition suggests they are a
result of contamination of the granitic magma (see Turner
and Verhoogen, i960, p. 155-I6O).
Na20 and K2O content is anomolous. The low silica
samples have high soda and low potash content. These
samples are those which are found along the periphery
of the pluton. This trend could be explained by deple­
tion in silica and potash and an enrichment in soda
brought about by ion transfer between the country rocks
and the granite magma, assuming the country rocks were
initially sodium rich. Other than the high Na20/K20
ratio just discussed, the trends in the more silica
rich rock increase in Na20 but decrease in K2O. This
is atypical of the trends found in differentiated rocks
and probably indicates the magma was either originally Na
rich (i.e, trondhjemitic) or it was being depleted in
potash as it was emplaced.
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Table 3. Chemical analyses and C.I.P.W. Norms of the
Crystal Creek Granite
45-118 45-119 45-119 45-119 45-119 45-119
K L Ml M2 M3
Si02 70.35 67.95 65.80 67.44 66.66 68.09
Ti02 0.55 0.77 0.77 0.71 0.95 0.73
AI2O3 15.65 16.04 19.46 15.66 15.43 15.17
1.02 2.51 1.80 2.16 5.19 2.28
FeO 1.38 1.62 1.57 1.62 2.05 1.45
MnO - - - - - -
MgO 0.60 0.91 0.91 0.98 1.26 0.94
CaO 1.41 2.03 1.43 2.30 2.75 1.96
Na20 4.92 3.81 5.41 4.04 5.39 3.97
K2O 3.59 4.50 3.56 4.14 4.15 3.99
Total 99.25 99.94 98.71 99.05 99.79 98.58
Qz 22.77 21.52 13.18 20.58 21.90 22.81
Or 20.14 26.78 21.05 24.81 24.90 24.07
Ab 44.43 54.47 48.62 56.80 30.91 56.41
An 7.05 10.14 7.10 11.57 15.85 9.95
Co 1.45 1.53 4.48 0.59 0.40 0.84
Wo 0.00 0.00 0.00 0.00 0.00 0.00
Hy 2.56 2.55 2.62 2.76 3.55 2.65
Mt 1.07 2.17 1.88 2.29 2.82 1.88
Hm 0.00 0.17 0.00 0.00 0.58 0.37
11 0.74 1.08 1.07 1.00 1.52 1.04
Norm.Flag . Ang *“15 Ang ^^16 Arigg Ani4
FeO/MgO 2.5 1.8 1.7 1.7 1.6 1.5
NapO/CaO 3.5 1.9 3.8 1.8 1.2 2.0
K20/CaO 2.4 2.2 2.5 1.8 1.5 2.0
NapO/KpO 1.5 0.8 1.5 1.0 0.8 1.0
: not determined
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Table 3 (cont.). Cheinical analyses and C.I.P.W. Norms
of the Crystal Creek Granite
45-120 45-121
A
45-122 45-126
A
45-126
B
Si02 67.39 62.76 67.86 65.78 65.52
Ti02 0.57 0.57 0.68 0.35 0.40
AI2O3 15.88 17.27 15.22 16.64 16.30
Fe203 0.67 0.91 1.99 1.45 1.72
FeO 2.31 2.01 2.07 1.89 2.10
MnO - - -
0.06 -
MgO 0.93 1.20 1.11 1.23 1.32
CaO 2.57 5.50 2.77 2.24 2.45
Na^O 4.75 5.70 3.65 8.47 7.98
K^O 3.92 2.40 3.82 1.06 0.81
Total 98.99 100.55 99.17 99.17 98.60
Qz 15.94 8.08 22.57 5.91 8.47
Or 23.30 14.22 22.97 6.13 4.73
Ab 42.92 51.32 33.35 74.40 70.87
An 10.49 14.48 13.98 4.15 6.18
Co 0.00 0.00 0.05 0.00 0.00
Wo 0.93 5.15 0.00 2.69 2.33
Hy 4.92 5.01 4.01 4.72 5.09
Mt 0.70 0.95 2.12 1.48 1.78
Hm 0.00 0.00 0.00 0.00 0.00
11 0.80 0.80 0.96 0.48 0.55
Norm, Flag. Ani3 Ani3 An2i An^ An 3
FeO/MgO 2.5 1.7 1.9 1.5 1.6
Na20/Ca0 1.8 1.0 1.3 3.8 3.3
K20/Ca0 1.5 0.4 1.4 0.5 0.3
Na20/K20 1.2 2.4 1.0 8.0 9.9
t not determined
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system. 500 bar cotectic and 10 kb eutectic (+) are 
shown (after Luth et. al., 1964). (b) Plot of Crystal
Creek Granite in the Ab-An-Or system. Dashed lines
indicate uncertainty in thermal trough due to
analytical error (after Kleeman, I965).
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In most of the samples, the FeO/MgO, Na20/Ca0, and
K20/Ca0 ratios are similar to those expected from average
granodiorites, although a few are quite unusual. High
Na20/Ca0 and Na20/K20 ratios in several samples reflect
the mineralogy of the granite near contacts with the
surrounding or included schists. These rocks, as mentioned
previously, are rich in albite and rather poor in quartz.
The low Na20/Ca0 ratio in 45-121A reflects the high sphere,
hornblende and epidote content of the rock.
The Crystal Creek rocks plot in the Ab field of the
Ab-Or-Qtz system (Fig. l6a ). Except for one instance, the
data defines a trend which extends from near the Ab apex
to the cotectic minimum at 3 kb pressure.
The Crystal Creek granite falls in the plagioclase
field of the Ab-An-Or system (Fig. l6b ) although the Ab
rich character of portions of the granite is quite evident.
Pegmatites
The pegmatites (Table 4) in the study area show trends
which would be expected of granitic rocks derived from the
residual fluids of a magma. They are very strongly differ­
entiated as reflected in the very high silica and total
alkalis content and the depletion in iron, MgO and CaO.
The pegmatites are chemically granitic, although two
different types are recognized.
Pegmatites very rich in K2O and low in Na20 and CaO
are found in the highest grade rocks of the study area
(samples 45-86A and 4?-8A), These pegmatites are definitely
alkalic,
Table 4, Chemical analyses and C.I.P.W. Norms of the
selected pegmatite dikes studied
45-86A 45-104 45-111
A
45-111
B
47-8A
SiO^ 75.^5 73.42 75.21 74.76 75.58
Ti02 0.12 0.06 0.53 0.08 0.35
AI2O5 13.02 15.40 14.08 14.19 12.75
0.24 0.16 0.92 0.49 1.32
FeO 2.14 0.95 2.08 0.68 0.82
MnO - 0.07 0.10 0.29 0.00
MgO 0.20 0.12 0.11 0.25 0.28
CaO 0.98 0.43 1.75 0.36 1.47
Na20 1.57 5.35 5.67 5.45 1.72
K2C 6.47 2.72 2.45 1.84 6.17
Total 99.99 98.68 100.68 98.37 100.46
Qz 36.85 28.11 56.98 32.50 36.31
Or 59.27 16.21 14.51 11.05 57.22
Ab 12.64 48.45 55.51 49.68 15.77
An 4.99 2.15 8.77 1.81 7.44
Co 2.22 5.16 2.46 2.85 0.65
Wo 0.00 0.00 0.00 0.00 0.00
Hy 5.63 1.62 2.45 1.25 0.79
Mt 0.26 0.17 0.97 0.52 1.20
Hm 0.00 0.00 0.00 0.00 0.14
11 0.17 0.08 0.46 0.11 0.50
Norm.Flag. An2o An2 kri2 An2^
FeO/MgO 10.7 7.9 18.9 5.0 2.9
Na20/CaO 1.4 12.4 2.1 15.1 1.2
K20/Ca0 6.6 6.5 1.4 5.1 4.2
Na20/K20 0.2 2.0 1.5 3.0 0.5
: not determined
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The other type are calc-alkaline (samplen 45-104,
45-lllA and 45-lllB) and several are rich in Na20, These
pegmatites are found in the lower grade rocks near Crystal
Creek.
The difference between the alkalic and calc-alkali
pegmatites is defined by the ratios on Table 4, The very high
FeO/MgO reflects both the highly differentiated character
of the pegmatites and the unusual abundance of magnetite
in some pegmatites.
The alkalic pegmatites, not surprisingly, fall along
the cotectic near the Or-Qtz join while the calc-alkaline
pegmatites fall along the cotectic near the Ab-Qtz join
of the Ab-Or-Qtz system at 2 kb (Fig. 17a). Figure 17b
shows that the alkali pegmatites fall in the cotectic trough
of the Ab-An-Or-Qtz-HgO system although the calc-alkaline
pegmatites plot in the Ab-rich plagioclase field.
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Fig. (a) Plot of pegmatite analyses in the Ab-Or-Qtz
system at ~ 500 bars. (b) Plot of pegmatite
analyses in the Ab-An-Or system at Ppj q = 5 kb.
Low temperature trough is shownj dasheS lines
indicate uncertainty due to analytical error
(after Kleeman, I965).
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PETROGENESIS
The origin of granitic rocks has been the subject
of much discussion since Bowen’s (1928) classic work.
It has been demonstrated that granitic rocks can be derived
by several mechanisms? (l) differentiation of a mafic magma,
(2) partial or complete fusion of sediments, and (3) the
replacement of sediments and other igneous rocks by granitic
components. The origin of the granitic rocks of this study
will be discussed in relation to these mechanisms.
Figure 18 shows the distribution of the units studied
on the Na20-K20-Ca0 diagram. The Phantom Granitic Complex
rocks and the Crystal Creek Granite fall in a field similar
to that described by Kolbe and Taylor (I966) for anatectic
granodiorite. The Trinity Gneiss does not cluster but
forms a broad band along the K20-Na20 line. The pegmatites,
except for one which falls in the granodiorite field, are
enriched either in Na20 or K2O.
Phantom Granitic Complex
Field and chemical evidence indicates that maf>;matic
processes played a major role in the formation of both the
granodioritic and quartz monzonitic units in the Phantom
Granitic Complex, The intimate contact relationships and
the nearly identical chemistry of the two units suggest
that they are oogenetic.
When the normative feldspars and quartz are plotted
on the synthetic granitic system, the analyses fall in the low
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18 K20-Na20-Ca0 diagram showing the distri­
bution of Phantom Granitic Complex (dots),
Trinity Gneiss (squares), Crystal Creek
Granite (crosses) and Pegmatites (X),
Dotted lines show the fields of grano- 
diorites (G) and leucogranites (L) from
Kolbe and Taylor (1966)„
temperature trough at approximately 3 kb presnure. They
also plot in the plagioclase field of the Ab-An-Or system.
These data strongly suggest that the rocks are the resu]t
of crystal-melt equilibria, either through differentiation
from a larger magma mass or the partial fusion of Vishnu
Schist-like meta-sediments.
Hyndman (l9?l) points out that "anatexis appears to
begin in the sillimanite-orthoclase and high temperature
part of the sillimanite-muscovite zone under conditions
above about ?00°C and 5.5 Kb PH2O”. Since such high grade
assemblages were not found,.it is doubtful that such conditions
were attained in the Phantom Creek area and thus it is
unlikely that the granodiorite and quartz monzonite melts
were formed in situ.
The presence of thin, unrotated and unaltered schist
septa in both units are difficult to explain in light of
magmatic processes. However, the sharp contacts and lack
of any petrographic or field evidence which could be attribut­
able to metasomatism, seems to indicate that these septa
are not relicts of "granitized” schist. Instead, the author
contends that the septa are "fingers” of schist which project
into the granite from the walls or ceiling of the chamber
and were not distrubed by relatively passive intrusion.
76
Trinity Gneiss
The Trinity Gneiss has undergone regional metamorphism
in the upper amphibolite facies (probably nillimanitn zone)
which has destroyed any relict sedimentary or igneous textures.
The gneiss appears to be meta-sedimentary. The composi­
tion of the gneiss is similar to that of a K-rich graywacke
(see Table 5 )• Concordant calc-silicate lenses and inter- 
layered quartzite and schist suggest that the gneiss was
originally a sequence of K-rich graywackes, sandstone
and shale. The abundance of quartz and mica in thin section
is further proof of its meta-sedimentary nature.
For the most part, the chemistry of the gneiss supports
a meta-sedimentary origin. The high total iron and high,
erratic Ti02 are suggestive of a sedimentary parent rock.
The normative granitic components were shown to fall in two
fields in the synthetic granitic system. Field A lies
away from any cotectic trough, eutectic or thermal low
which allows a meta-sedimentary model. However, field B
lies in the cotectic trough at about 3 kb Ph20* These
samples are typical of the more granitic layers found in
the gneiss. Since the proximity to cotectic minimums has
been argued to be strongly suggestive of a magmatic origin,
the gneissic rocks discussed here may also be of magmatic
parentage. However, no field or petrographic evidence was
found to support an intrusive origin for the granitic layers.
In general, the contacts are quite sharp. It is possible,
though, that the layers may represent rhyolitic or rhyodacitic
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Table 5, Composition of average sedimentary and igneous
rocks.
A B C D E F G H
Si02 ■?7.10 66.75 58.33 72.08 73.86 69.15 66.88 71.1
TiOg 0.30 0.63 0,65 0.37 0.20 0.56 0.57 0.8
AI2O3 8.70 13.54 15.47 13.86 13.75 14.63 15.66 13.5
^®2®3 1.50 1.60 4.03 0.86 0.78 1.22 1.33 2.1
FeO 0.70 3.54 2.46 1.67 1.13 2.27 2.59 2.7
MnO 0.20 0.12 0.00 0.06 0.05 0.06 0.07
MgO 0.50 2.15 2.45 0.52 0.26 0.99 1.57 1.0
CaO 2.70 2.54 3.12 1.33 0.72 2.45 3.56 1.8
Na20 1.50 2.93 1.31 3.08 3.51 3.35 3.84 2.9
K2O 2.80 1.99 3.25 5.46 5.13 4.58 3.07 2.8
Total 100.00 99.68 98.95 100.00 100.00 100.00 100.00 98.7
FeO/MgO 3.2 4.3 2.3 1.7
Na20/Ca0 2.3 4.9 1.4 1.1
K20/Ca0 4.1 7.1 1.9 0.9
Na20/K20 0.6 0.7 0.7 1.3
A.
B.
C.
D.
E.
F.
G.
H.
Average
Average
Average
Average
Average
Average
Average
Average
of 32 arkoses from Pettijohn (1963)
of 61 graywackes from Pettijohn (1963)
of ?8 shales from Clarke (1924)
granite from Nockolds (1954)
alkali granite from Nockolds (1954) 
adamellite from Nockolds (1954)
granodiorite from Nockolds (1954)
Trinity Gneiss
flows associated with the sediments, or they may be arkose
or subarkose layers. Similar associations have been found
in rocks which may be of similar age in southern Arizona
(Shakel, 1972).
In summary, field and petrographic evidence strongly
suggest that the Trinity Gneiss is meta-sedimentary. The
chemical data seems to indicate that the more "granitic”
layers may represent the product of crystal-melt equilibria
or sedimentary rocks derived from a granitic source.
Crystal Creek Granite
The sharp, slightly cross-cutting contacts, low-grade
country rocks and lack of migmatitic border zones suggest
that the pluton is not the result of the "granitization" or
partial fusion of the Vishnu Schist in situ.
Most evidence suggests that the rock was initially
magmatic but its mineralogical composition and textures
were changed by contamination during emplacement and
subsequent low-grade metamorphism and recrystallization.
The chemical data suggest that rock is the result of
crystal-melt equilibria. Except for the three most sodic
samples which are from the contact zones with the country
rocks, the analyses of Figure l6a fall around the eutectic
in the system Ab-Or-Qtz-HgO at rather high P}{20* ^ magmatic
origin is also indicated for the majority of the analyses on
the Ab-An-Or diagram, as they cluster within the low temp­
erature trough.
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The apparent lack of a contact aureole surrounding
a presumably intrusive pluton could cast some doubt on
such an origin. However, the schists surrounding the pluton
are finer grained than the typical schist found in the study
area and they may represent a contact aureole. The mineral
assemblages found in the schist surrounding the pluton are
characteristic of both the greenschist and albite-epidote
hornfels facies and thus, could represent a contact meta- 
morphic assemblage.
The late retrogressive event previously mentioned
probably altered the surrounding schist and may have destroyed
any contact metamorphic textures.
Contamination of the magma is suggested by the anomously
high Al20^ and high total iron content. These features may
have been caused by the ingestion of shaly sediments during
the emplacement of the magma. The quartz slivers found in
the granite probably represent residual portions of the sediments.
The previously mentioned epidote-rich slivers are probably
not related to the ingestion of sediments since they are of
such different composition, but rather are metamorphosed
mafic inclusions caught in the magma at depth.
Further contamination took place along the magins of
the pluton. High sodium alkali syenites are found in a
thin zone adjacent to a partially assimilated amphibolite
sill. Since it is unlikely that a magma of such composition
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existed, the writer believes that the excess sodium must
have been derived from the mobilization of the felsic com­
ponents of the sill during emplacement.
The pluton has undergone low-grade metamorphism following
emplacement. Evidence which supports this are the dominantly
metamorphic and cataclastic textures found in the rock, the
abundance of metamorphic minerals, (e.i. epidote, calcite)
and the retrogressive metamorphic assemblages shown by the
breakdown of hornblende to epidote+biotite and biotite to
chlorite.
In summary, the Crystal Creek pluton probably represents
a cupola of a larger batholithic body at depth which post
tectonically intruded the Vishnu Schist and was contaminated
by assimilated schist and amphibolite. Following intrusion,
shearing along the margins resulted in the sharp contacts
found. Finally, the pluton was metamorphosed by a low
grade event.
Pegmatites
Field studies have shown that nearly all the simple
pegmatite bodies are intrusive. The textures and mineralogy
also supports an intrusive origin. Campbell (193?) also
suggested an intrusive origin for the majority of the
pegmatites.
When plotted on the synthetic Ab-Or-Qtz-HgO system,
the analyses fall along the cotectic minimum and on the
Ab-An-0r-H20 system, the analyses fall along the low temp-
erature trough. These data strongly suggest the pegmatites
resulted from crystal-melt equilibria.
The high FeO/MgO ratios shown on Table 4 are typical
of strongly differentiated rocks.
Zoned, composite pegmatites are thought to be the
result of a combination of magmatic and hydrothermal activity.
The aplitic outer zones and pegmatitic cores can be explained
by a model similar to that proposed by Jahns and Burnham (I969).
The initial pegmatite fluid, as postulated by Jahns and
Burnham, can be formed either through partial melting of
crustal materials or as a "rest-fluid" in a cooling igneous
body. The writer believes that the aplitic rims represent
an early formed, water deficient melt which intruded along
lines of structural weakness. Later, as the volatiles
concentrate in the anatectic melt, the volatile rich fluids
follow the planes of weakness and are emplaced in the still
weakly consolidated aplitic veins.
The quartz cores found in many pegmatites are enigmatic.
They can, however, be explained by the late stage introduction
of a silica rich, supercritical aqueous fluid which permeated
the pegmatite bodies.
In summary, the majority of the pegmatites were formed
from hydrothermal fluids which may or may not have been
preceded by volatile poor melts. Later, some pegmatites
were permeated by supercritical aqueous fluids which
deposited quartz rich cores in the pegmatites.
B2
SUMMARY OF THE GRANITE GEOLOGY
The origin of the granitic rocks in the study area
has been discussed in light of field, petrographic,
and chemical evidence. The Phantom Granitic Complex
is made up of two, cogenetic units which represent two stages
of intrusion. The older granodioritic unit exhibited
striking cross-cutting relationships and a presumably
intrusive migmatitic complex with the surrounding schist.
The quartz monzonite has intruded the granodiorite as is
evidenced by the presence of a well exposed contact
breccia. The chemistry of both are similar. The rocks
cluster around the cotectic minimum suggesting that
crystal-melt equilibria was involved in their origin.
The Trinity Gneiss is a homogeneous gray gneiss which
is thought to be meta-sedimentary. Schist and quartzite
layers and calc-silicate lenses support a meta-sedimentary
model. The chemistry is not conclusive, although the proxi­
mity of some of the data to the Qtz apex of the Ab-Or-Qtz
system certainly suggests a non-granitic parent rock.
The post-tectonic Crystal Creek Granite pluton is
thought to be intrusive. Apophyses cutting the schist
and slight cross-cutting relationships indicate such an
origin. The presence of quartz and schistose inclusions
along with an unusual mineralogical and chemical compostion
suggest the magma may have been contaminated somewhat during
emplacement. Late deformation has resulted in dominantly
cataclastic features. Although the rocks plot in the
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cotectic minimum at about 5 kb pressure thereby su/^f^estins;
a relationship with crystal-melt equilibria, the sodium
rich nature of the rock indicates the map;ma was either
initially trondhjemitic or altered during or after
emplacement.
The pegmatites are of hydrothermal origin as is shown
by the very large crystals and pure quartz pods. Cross
cutting relationships suggest they were forcefully intruded.
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